Iron is an essential nutrient for survival and establishment of infection by Neisseria gonorrhoeae. The neisserial transferrin binding proteins (Tbps) comprise a bipartite system for iron acquisition from human transferrin. TbpA is the TonB-dependent transporter that accomplishes iron internalization. TbpB is a surface-exposed lipoprotein that makes the iron uptake process more efficient. Previous studies have shown that the genes encoding these proteins are arranged in a bicistronic operon, with the tbpB gene located upstream of tbpA and separated from it by an inverted repeat. The operon is under the control of the ferric uptake regulator (Fur); however, promoter elements necessary for regulated expression of the genes have not been experimentally defined. In this study, putative regulatory motifs were identified and confirmed by mutagenesis. Further examination of the sequence upstream of these promoter/operator motifs led to the identification of several novel repeats. We hypothesized that these repeats are involved in additional regulation of the operon. Insertional mutagenesis of regions upstream of the characterized promoter region resulted in decreased tbpB and tbpA transcript levels but increased protein levels for both TbpA and TbpB. Using RNA sequencing (RNA-Seq) technology, we determined that a long RNA was produced from the region upstream of tbpB. We localized the 5= endpoint of this transcript to between the two upstream insertions by qualitative RT-PCR. We propose that expression of this upstream RNA leads to optimized expression of the gene products from within the tbpBA operon.
N eisseria gonorrhoeae is the etiological agent of the sexually transmitted infection (STI) gonorrhea. This disease is the second most commonly reported infectious disease in the United States, with 334,826 cases reported in 2012 (http://www.cdc.gov /nchhstp/newsroom/docs/STD-Trends-508.pdf); however, the CDC estimates that the actual number of gonorrhea cases is over 800,000 per year (http://www.cdc.gov/std/stats/sti-estimates-fact -sheet-feb-2013.pdf). Worldwide, the WHO estimated that there were 106.1 million new cases of gonorrhea in adults in 2008 (1) . Infection manifests primarily as urethritis in men and as cervicitis in women; however, asymptomatic infections are common, especially in women. Due to a rapid rise in resistance to previously effective antibiotics (2, http://www.cdc.gov/nchhstp/newsroom /docs/STD-Trends-508.pdf, and http://www.cdc.gov/std/stats/sti -estimates-fact-sheet-feb-2013.pdf), the CDC currently recommends combination therapy with the extended-spectrum cephalosporin ceftriaxone, plus doxycycline or azithromycin, for treatment (3) . Thus, the need for new treatments or ideally preventative methods is evident.
Thus far, vaccine development efforts against gonorrhea have been unsuccessful. Previous attempts focused on surface antigens, such as porin (4) or pilin (5, 6) , and have been ineffective, in part because of high-frequency antigenic and/or phase variation of most surface-exposed antigens. The transferrin binding proteins (Tbps) are attractive vaccine targets because they are expressed by all gonococcal isolates tested to date (7) , are surface accessible, have conserved sequences, and have been shown to be necessary for the establishment of infection in an experimental human male infection model (8) . We demonstrated that recombinant Tbp proteins conjugated to the cholera toxin B subunit are capable of inducing antibody responses in the serum and the genital tract of female mice (9, 10) , suggesting that these antigens can be components of an efficacious vaccine.
Most pathogenic bacteria require iron in order to sustain essential metabolic processes and to establish successful infections (11) . In a mammalian host, bacteria are presented with the challenge of having to compete for iron with the host; thus, they need to be armed with mechanisms that will allow them to appropriate iron or take advantage of the iron transport and storage mechanisms of the host. Many bacteria, like Escherichia coli, are capable of secreting siderophores as their primary mechanism for iron acquisition (12) (13) (14) . Gonococci do not produce siderophores (15, 16) but are able to obtain iron from human transferrin by expressing transferrin-binding proteins (17, 18) .
The gonococcal transferrin iron acquisition system is comprised of two transferrin-binding proteins, TbpA and TbpB. TbpA is an integral outer membrane protein which shares sequence similarity with TonB-dependent outer membrane transporters (18) . TbpA is capable of transporting iron across the outer membrane of gonococci, making it essential in the process of iron uptake from transferrin (19, 20) . TbpB is a surface-exposed lipoprotein (19, 20) that has the ability to discriminate between holo-and apotransferrin (21, 22) . Expression of TbpA is essential for uptake of iron (18) , and although expression of TbpB is not essential, its presence makes the iron uptake process more efficient (17) .
The tbpA and tbpB genes are arranged in a bicistronic operon, with the tbpB gene located upstream of tbpA (17, 23, 24) . The genes are separated by an 86-bp region that contains an inverted repeat. The genes are cotranscribed (24) and the operon is under the control of the Fur protein, resulting in preferential expression of Tbps under iron-limited conditions. However, the genes are differentially expressed. Using a variety of reverse transcription-PCR (RT-PCR) and fusion techniques, we previously demonstrated that tbpB-specific transcripts are approximately 2-fold more prevalent than tbpA-specific transcripts under iron-stressed conditions (24) . Given that TbpB binds specifically to holotransferrin, it may be advantageous to the gonococcus to produce more TbpB and present it on the cell surface as an iron-sequestering mechanism.
In this study, we sought to characterize the mechanisms that coordinately control expression of the two genes within the tbpBA operon. We identified the promoter elements required for tbpB and tbpA expression and further identified a novel repeat-rich region that influences expression of these genes. A long RNA species apparently is located upstream of tbpB in a polarity opposite that of the genes encoding the Tbps. A mutant in which this RNA is insertionally interrupted showed dysregulation of the tbp genes.
Therefore, we propose that this long RNA is critical to the optimized expression of the components of the transferrin receptor complex. A complete understanding of the conditions under which this system is expressed is imperative in order to exploit their potential as vaccine candidates.
MATERIALS AND METHODS
Bacterial strains. Bacterial strains used in this study are listed in Table 1 . Neisseria gonorrhoeae strains were routinely maintained on GC medium base (Difco) agar with Kellogg's supplement I (25) and 12 M Fe (NO 3 ) 3 at 37°C in a 5% CO 2 atmosphere. When required, iron stress was imposed by overnight growth of strains on GC agar plates containing Kellogg's supplement I and 10 M deferoxamine mesylate (DFO) (Desferal; Sigma) with no additional iron.
PCR amplification, sequencing, and DNA sequence alignment. Wild-type gonococcal strains FA19, MS11, and F62 were propagated on GC agar plates as described above. Single colonies were resuspended in 100 l of distilled water. Samples were boiled at 100°C for 5 min. PCR amplification was conducted using primers oVCU151 and oVCU153 (see Table S1 in the supplemental material) and Platinum Taq DNA polymerase (Invitrogen). The size of the PCR amplicon was confirmed by gel electrophoresis visualization. The PCR product was cloned into pCR2.1-TOPO (Invitrogen) and sequenced by the Nucleic Acids Research Facility at Virginia Commonwealth University. DNA sequence alignments were produced and visualized with ClustalW. Construction of promoter region mutants. Promoter region mutants were generated by gene splicing using overlap extension PCR (26) . The putative Ϫ10 region was replaced by an SmaI site using primers oVCU258 and oVCU259. The putative Ϫ35 region was replaced by a BamHI site using primers oVCU256 and oVCU257. Six residues in the putative Fur box were replaced by an SmaI site using primers oVCU260 and oVCU261. Mutagenized PCR products were subcloned into pHSS6-GCU (27) to provide the gonococcal uptake sequence, which is necessary for transformation. The resulting plasmids were then used to transform wild-type gonococcal strain FA19. Successful recombination into the chromosome was confirmed by PCR amplification followed by digestion with either SmaI or BamHI, as necessary. PCR products derived from amplification of chromosomal DNA from recombinant strains were sequenced by the Nucleic Acids Research Facility at Virginia Commonwealth University. The resulting mutant strains were named MCV117 (Ϫ10 mutant), MCV118 (Ϫ35 mutant), and MCV119 (Fur box mutant), as described in Table 1 .
Construction of ⍀ cassette insertion mutants. The ⍀ cassette insertion mutations upstream of tbpB were generated by gene splicing using overlap extension PCR (26) . Novel SmaI sites were generated at positions Ϫ447 and Ϫ82 relative to the tbpB transcriptional start site. The mutated upstream regions were cloned into pCRII-TOPO (Invitrogen) and designated pVCU122 and pVCU123 (corresponding to positions Ϫ447 and Ϫ82, respectively). The resulting plasmids were digested with SmaI and then ligated to the ⍀ fragment, which encodes streptomycin resistance (28) . The ligation mixture was transformed into E. coli, generating pVCU124 and pVCU125, and the sequences were confirmed by PCR and DNA sequencing. The tbpBA upstream regions containing the ⍀ fragments from pVCU124 and pVCU125 were subcloned into pHSS6-GCU, generating plasmids pVCU126 and pVCU127, respectively. The plasmids were linearized and then transformed into gonococcal strain FA19. Transformants were selected on GC agar containing streptomycin, confirmed by PCR, and designated MCV113 and MCV114, respectively.
Generation of iron stress conditions for whole-cell lysate preparation. N. gonorrhoeae strains were cultivated on plates as described above. For iron-depleted cultures, colonies were picked from plates containing GC medium base with supplement I and DFO and used to inoculate GC broth containing Kellogg's supplement I only. Cultures were grown at 37°C at 5% CO 2 with vigorous shaking. Culture densities were monitored, and after one doubling, the cultures were supplemented with 250 M DFO. Cultures were then allowed to grow for 4 h, after which the final cell densities were measured and samples standardized to the same density. Samples were centrifuged for 10 min at 13,000 rpm. Pellets were resuspended in Laemmli solubilizing buffer (29) , and lysates were stored at Ϫ20°C.
SDS-PAGE and Western blot analysis. Whole-cell lysates, prepared as described above, were treated with 5% ␤-mercaptoethanol and boiled for 2 min. Solubilized samples were subjected to SDS-PAGE, and proteins were transferred to nitrocellulose membranes (GE Healthcare Life Sciences) in 20 mM Tris base, 150 mM glycine, and 20% methanol in a submerged transfer apparatus (Bio-Rad). For TbpA detection, membranes were blocked with 5% nonfat dry milk in high-salt Tris-buffered saline (TBS) and 0.05% Tween 20 (Sigma). Membranes were probed with primary anti-TbpA polyclonal antibodies (16) , washed with high-salt TBS and 0.05% Tween 20, and incubated with a goat-anti-rabbit alkaline phosphate-conjugated (Bio-Rad) secondary antibody. For TbpB detection, membranes were blocked with 5% nonfat dry milk in low-salt Tris-buffered saline. Membranes were probed with primary anti-TbpB polyclonal antibodies (30) and washed with low-salt TBS and 0.05% Tween 20, followed by goat-anti-rabbit alkaline phosphatase-conjugated secondary antibody. All blots were developed using the nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate colorimetric system (Sigma). Blots were scanned with Adobe Photoshop, and band intensity was quantified using NIH Image J software (31) . Each TbpA and TbpB signal was nor-malized to the loading control from the same sample. The normalized values were then averaged.
Transferrin-iron utilization assays. The promoter mutants were tested for transferrin utilization by inoculating strains onto chelexed defined media (CDM) (32) supplemented with 30% iron-saturated human transferrin (Sigma) as the sole iron source. Plates were incubated at 37°C and 5% CO 2 , and bacterial growth was monitored after 24 to 48 h.
Construction of transcriptional lacZ fusion strains. Upstream insertion mutants MCV113 and MCV114 were transformed by plasmids pVCU109 and pVCU108 (24) , which contain promoterless lacZ genes fused to either tbpB or tbpA, respectively. Allelic replacement mutants in which the lacZ gene was located downstream of the polar ⍀ mutations were selected for by growth on erythromycin, resistance to which is encoded by the promoterless lacZ cassette. The resulting strains were named as described in Table 1 .
␤-Galactosidase assays. At each time point, aliquots were removed and mixed with Z-buffer (33) . Cells were lysed with SDS and chloroform, and the ␤-galactosidase assay was performed according to the method of Miller (33) . All strains were analyzed in triplicate at every time point. Values shown represent the means from at least four independent experiments conducted on different days.
RNA isolation. Total RNA was isolated from gonococcal cultures grown for 2 h under iron-depleted or iron-replete conditions using an RNeasy maxi kit as directed by the manufacturer (Qiagen). For qualitative reverse transcription-PCR (RT-PCR) experiments, gonococcal cultures were treated with RNAprotect bacterial reagent (Qiagen) immediately prior to RNA isolation. Purified RNA was treated twice with RQ1 RNasefree DNase (Promega) at 37°C for 1 h prior to storage at Ϫ80°C.
Primer extension analysis. Primer oVCU151 (see Table S1 in the supplemental material), located 37 bases downstream of the TbpB start codon, was end labeled with [␥-32 P]ATP using T4 polynucleotide kinase. The radioactive primer was hybridized with 100 g total RNA, isolated as described above, and treated with avian myeloblastosis virus (AMV) reverse transcriptase (GE Healthcare). The resulting primer extension products were analyzed on a sequencing gel containing 8% polyacrylamide and 8 M urea. Sequencing reactions using the same primer were loaded alongside the primer extension products to serve as a marker.
Relative RT-PCR. RNA was isolated as described above and treated with DNase. The Thermoscript RT-PCR system (Invitrogen) was utilized in combination with a specific primer designed to prime reverse transcription of an upstream RNA species (oVCU735C; see Table S1 in the supplemental material) or with random hexamers. Following reverse transcription, cDNAs were amplified with gene-specific primers (see Table S1 in the supplemental material) using Platinum Taq polymerase (Invitrogen). PCR products were separated on 2.5% agarose gels and visualized by ethidium bromide staining.
Quantitative, real-time RT-PCR. Total RNA was isolated from irondepleted gonococcal cultures as described above. cDNA was generated by reverse transcription of 100 ng of total RNA using the primers listed in Table S1 in the supplemental material and the Accuscript high-fidelity 1st strand cDNA synthesis kit (Agilent Technologies). cDNA was amplified with the CFX96 real-time system (Bio-Rad) utilizing the SensiMix SYBR No-ROX kit (Bioline). The expression level of the target genes were normalized to porB1A expression as an internal control. All oligonucleotides used are listed in Table S1 in the supplemental material. Control wells without template were conducted for every reaction in every experiment. Each assay was performed at least in triplicate, and cDNA from 3 independent RNA preparations was analyzed. Relative expression values for each gene were calculated using the 2 Ϫ⌬⌬CT method (34, 35) .
RNA-Seq analysis. Recently, we (J. L. Kandler and W. M. Shafer, unpublished) performed a transcriptional profiling comparison by RNA sequencing (RNA-Seq) using enriched mRNA prepared from wild-type strain FA19 and an isogenic transformant bearing an insertionally inactivated copy of the misR gene (annotated NGO0177 in strain FA1090 [www .genome.ou.edu/gono.html]), which is part of a two-component regula-tory system in pathogenic Neisseria species (36) (37) (38) . The details of this comparison will be published elsewhere. However, from analysis of the transcripts produced by these strains, we detected equal levels of a 1.8-kb RNA species that would be located upstream of the tbpBA operon (see Results). The procedure for RNA-Seq relevant to the work presented here is described below. Bioinformatic analysis used the transcriptional profiling data from the RNA-Seq work performed on strain FA19 misR::kan. This strain was grown in liquid culture in triplicate to late-log phase in GC broth containing Kellogg's supplement I and iron, 0.043% (wt/vol) sodium bicarbonate, and 10 mM MgCl 2 in a 37°C water bath with shaking at 150 rpm. At late-log phase, 8 ml was harvested from each of the three cultures and processed in RNAprotect bacterial reagent (Qiagen) according to the manufacturer's instructions. Total RNA was harvested from culture pellets using an RNeasy minikit (Qiagen) according to the manufacturer's instructions. Removal of any contaminating DNA was accomplished by treatment with TURBO DNA-free (Ambion) according to the manufacturer's instructions. rRNA was depleted using two rounds of treatment with the MICROBExpress bacterial mRNA enrichment kit (Ambion) according to the manufacturer's instructions. RNA purity was confirmed by analysis on an Agilent 2100 Bioanalyzer (Agilent Technologies) after each step. cDNA libraries were prepared from enriched FA19 mRNA transcriptomes using the SuperScript double-stranded cDNA synthesis kit (Invitrogen) and random hexameric primers (Invitrogen) according to the manufacturer's instructions. Because the RNase H provided in the SuperScript kit digests RNA only in DNA-RNA hybrids, samples were treated with 10 g of RNase A (Novagen) for 10 min at 37°C to ensure complete removal of any remaining, unhybridized RNA. cDNA was purified using phenol extraction and ethanol precipitation. cDNA libraries were amplified by 15 cycles of PCR for the addition of adaptors with TruSeq indexes using the Illumina TruSeq sample preparation kit according to the manufacturer's instructions. After quantitation and dilution, the cDNA libraries representing the FA19 and FA19 misR::kan mutant late-log transcriptomes were clustered in a single lane and sequenced on an Illumina Genome Analyzer IIx instrument with 50-bp paired-end (PE) reads. The raw reads were trimmed by removing adapter sequences and ambiguous nucleotides. Reads with quality scores of less than 20 and a length below 30 bp all were trimmed. The resulting highquality reads from each of the 3 replicate samples were mapped onto the N. gonorrhoeae FA1090 reference genome (GenBank accession no. AE004969.1) using CLC Genomics Workbench software. For the reference mapping, at least 95% of the bases were required to align to the reference genome, and a maximum of 2 mismatches were allowed. The total number of reads mapped for each transcript was determined and then normalized to detect the reads-per-kilobase-per-million-reads (RPKM) measure. Transcribed regions of the FA19 misR::kan genome were visualized using SeqMan software (DNASTAR).
Statistical analysis. Statistical significance was evaluated using a twotailed, unpaired Student's t test. Statistical significance is noted when P Յ 0.05.
Accession numbers. The new sequence information presented in this report has been submitted to GenBank under the following accession numbers: F62 sequence upstream of tbpB, KJ579423; MS11 sequence upstream of tbpB, KJ579424; and FA19 sequence upstream of tbpB, KJ579425. The complete data set of the sequence reads can be accessed through GEO accession number GSE50184 and SRA accession number SRP029218.
RESULTS
tbpBA promoter mapping. While the genetic arrangement and cotranscription of the tbpBA operon has been described (17, 24) , little is known about cis-or trans-acting factors that control expression of the operon. We first sought to identify the transcriptional start site of tbpB using primer extension analysis. A primer extension product was observed using RNA isolated from gonococcal strain FA19 grown under iron-restricted growth conditions ( Fig. 1A ). This primer extension product was not detectable from gonococcal cultures grown under iron-replete conditions. The primer extension product detected under iron-depleted growth conditions corresponded to the C residue located 31 bp upstream of the TbpB start codon ( Fig. 1A and B ).
To identify putative promoter elements, the upstream region of N. gonorrhoeae wild-type strain FA19 (Fig. 1B ) was compared to consensus E. coli sequences (39) . A putative Ϫ10 region was identified 7 bp upstream of the identified transcriptional start site and matched the E. coli consensus sequence (5=-TATAAT-3=) at five of six positions. A putative Ϫ35 region matched the E. coli consensus sequence (5=-TTGACA-3=) at four of six positions. These two motifs were separated by 16 nucleotides. We also identified a predicted Fur binding site ( Fig. 1B) , which overlaps the Ϫ10 sequence and matched the E. coli consensus sequence (5=-GATAATGATA ATCATTATC-3=) at 13 of 19 positions. The identified site is a perfect match with the consensus Fur binding site identified for Neisseria species (40) .
To confirm that the putative Ϫ10, Ϫ35, and Fur box elements were indeed responsible for iron-regulated promoter activity, mutational analysis was conducted. Using PCR and the mutagenic primers listed in Table S1 in the supplemental material, the putative promoter elements were changed as shown in Fig. 1B . We evaluated TbpA and TbpB protein expression in the mutants by Western blotting. As expected, TbpA and TbpB were detected in the wild-type strain under iron-depleted conditions. Mutagenesis of the Ϫ10 region (strain MCV117) abolished expression of the Tbps even under low-iron conditions (Fig. 1C ). Mutagenesis of the Ϫ35 region (strain MCV118) almost completely abrogated expression of both Tbps, although TbpA was weakly detectable in the blot probed with the ␣-TbpA antibody. Mutation of the putative Fur binding site (strain MCV119) resulted in expression of both Tbps regardless of iron availability during growth. This phenotype is consistent with that observed using a fur point mutant (41) .
The promoter region mutants were also tested for growth on human transferrin as a sole iron source (Fig. 1D ). The wild-type strain FA19 was able to grow on the plates and served as the positive control. Strain FA6815 (Table 1) was the negative control, as this strain is TbpA and TbpB deficient (17) . The Ϫ10 region mutant (MCV117) was incapable of growth on transferrin even after 48 h, and the Fur box mutant (MCV119) grew much like the wild-type strain on transferrin. The Ϫ35 region mutant (MCV118) also grew on transferrin (Fig. 1D) , demonstrating that even a very low level of TbpA expression apparently was sufficient to support transferrindependent growth. Taken together, these data confirm that the predicted tbpBA promoter elements and Fur box do indeed control the production of TbpA and TbpB.
Characterization of an extended intergenic region upstream of tbpB. The validated promoter extends to 66 bp upstream of the TbpB start codon (Fig. 1B) . However, in the genome sequence of gonococcal strain FA1090 (accession number NC_002946), there is an extremely long (approximately 1.9 kb) intergenic region that separates the tbp operon from the next proximal upstream gene (NGO1499) (Fig. 2) . This region contains two short, annotated hypothetical open reading frames (ORFs) (NGO1497 and NGO1498), but it is unclear whether either is actually translated into protein. A third, unannotated ORF could be identified further upstream of NGO1498, as shown in Fig. 2 . Because the ORFs are within repeated regions, they share sequence identity and are paralogous. A similar distance separates the tbp locus from the next upstream open reading frame in Neisseria meningitidis (42, 43) . Several dRS3 repeats (43) , which have the consensus sequence of ATTCCC(N 8 )GGGAAT, are located within this intergenic re-gion ( Fig. 2) . These repeats, which are also located upstream of the meningococcal tbpB gene, have been proposed to promote recombination with exogenously acquired DNA (42) . Within 1 kb of the tbpB promoter region, we identified three direct repeats in the FA1090 DNA sequence, each of which could encode a hypothetical, short open reading frame (Fig. 2 ). Repeat 1 (R1) is 366 nt in length, R2 is 365 nt in length, and R3 is 237 nt in length. These tandem repeats share extensive sequence identity; R1 is 97.8% identical to R2, and R1 is 84.2% identical to R3 (Fig. 3) . Each of the repeats is also flanked by at least one inverted repeat sequence of CTCTCTCCC(N 3 )GGGAGAGAG (Fig. 2) . Figure 4 shows the intergenic DNA sequence in the FA1090 genome between tbpB and the NGO1499 open reading frame with relevant repeats and primer sequences highlighted. The particular arrangement of tandem, direct, and short inverted repeats downstream of the dRS3 units ( Fig. 2 and 4) is unique to the tbpB upstream region in the gonococcal chromosome, as we were unable to find similar arrangements within the genomes of the other Neisseria species. Moreover, the arrangement of direct repeat units (R1, R2, and R3) located upstream of tbpB is unique to this locus and not found elsewhere in the gonococcal genome. However, partial matches for R1 can be found near pilC1 (NGO0055) and carA (NGO0053). We next explored the possibility that these sequences form part of an extended regulatory region for the tbpBA operon.
We rationalized that if the repeats were involved in regulation of the operon, they would be highly conserved among gonococcal for tbpB in the wild-type and upstream insertion mutants. Total RNA was isolated from gonococcal cultures grown under iron-depleted (Ϫ) and iron-replete (ϩ) conditions as indicated at the top. A sequencing ladder generated with the same primer is shown on the left. The arrow marks the location of the primer extension product. This analysis compared the transcriptional start sites of the wild-type strain (FA19) to two ⍀ insertion mutants (MCV113 and MCV114; see the text). (B) Mutagenesis of promoter elements. The tbpB transcriptional start site (ϩ1) is shown. The TbpB initiation codon is underlined. The mutagenized promoter elements (Ϫ10, Ϫ35, and Fur box) are labeled; the new nucleotides in the mutants are shown above or below the wild-type sequence. (C) Expression of Tbps in the promoter region mutants. Gonococci were grown under iron-replete (ϩ) or iron-depleted (Ϫ) conditions and then lysed. The whole-cell lysates were subjected to SDS-PAGE, and proteins were transferred to nitrocellulose. Blots were probed with ␣-TbpA or ␣-TbpB antibodies as labeled on the left. MCV117 is the Ϫ10 mutant, MCV118 is the Ϫ35 mutant, and MCV119 is the Fur box mutant. (D) Gonococcal mutants were tested for growth in human transferrin by plating on CDM containing 30% saturated transferrin as the sole iron source. FA19 is the positive control and FA6815 (tbpB⍀) is the negative control. MCV117 is the Ϫ10 mutant, MCV118 is the Ϫ35 mutant, and MCV119 is the Fur box mutant.
FIG 2
Representation of the region (approximately 1.9 kb) between tbpB and NGO1499 from the FA1090 genome database (www.genome.ou.edu/gono.html). Six dRS3 repeats are located 5= of tbpB (short, black lines). Three tandem, direct repeats (horizontal arrows) are located between the dRS3 repeats and the tbpB start codon. Each repeat unit contains a short hypothetical ORF (blue boxes) and is flanked at the 5= end by at least one inverted repeat (short blue lines). , Locations of ⍀ cassette insertions. Genes and intergenic regions are not drawn to scale. strains. Accordingly, based upon the DNA sequence from strain FA1090, we designed primers to amplify the upstream intergenic region from other gonococcal strains, including our type strain, FA19. We were only able to amplify and clone a product of approximately 600 bp from gonococcal strain FA19. Repeated attempts to amplify and clone regions longer than 600 bp failed. The amplicon that we were able to clone and sequence ( Fig. 5 ) was flanked by primers oVCU151 and oVCU153 (see Table S1 in the supplemental material) and included only two of the repeat units identified in the genome sequence of FA1090 ( Fig. 2 and 4) . We subsequently utilized these same oligonucleotides to amplify the homologous regions from gonococcal strains MS11 and F62. Alignment of the resulting sequences revealed that one repeated region was well conserved in all strains examined, while the other repeat was not as well conserved and was largely absent from strain F62 (Fig. 5 ). The sequences shown in Fig. 5 are not present in the partially completed genome sequences of strains FA19, MS11, and F62 (Broad Institute). These areas represent gaps in the partial genome sequences, which is perhaps consistent with our difficulties in cloning DNA from this repeat-rich intergenic region.
Disruption of the region upstream of the tbpB promoter affects transcript levels. To elucidate whether the repeat units impacted the expression of the tbp operon, the upstream region was disrupted by insertion of ⍀ cassettes. An ⍀ cassette was inserted 447 bp upstream of the tbpB transcriptional start site (strain MCV113) ( Table 1) . A second ⍀ cassette was inserted 82 bp up-stream of the tbpB transcriptional start site (strain MCV114) (Table 1). The ⍀ cassette in MCV113 disrupts R2, and the cassette in MCV114 is just 3= of the end of R3 (Fig. 4) . Insertional mutagenesis did not alter the transcriptional start site for the operon (Fig. 1A) .
Transcriptional lacZ fusions were created for each tbp gene in the ⍀ Ϫ447 insertion background (MCV120 and MCV121) as well as for the ⍀ Ϫ82 background (MCV122 and MCV123) ( Table 1) in order to assay transcript levels. Strains MCV108 and MCV109 were previously generated (24) and contain lacZ insertions into the tbpA and tbpB genes, respectively. These fusions have wildtype upstream regions; thus, they were used as positive controls for tbp transcript levels. All strains were grown in GC base media supplemented with Kellogg's supplement I. DFO was added to all cultures in order to generate iron-depleted conditions. ␤-Galactosidase assays showed that tbpB transcript levels decreased in the ⍀ Ϫ447 insertion mutant compared to the positive-control strain (Fig. 6A) . tbpA transcript levels were also decreased relative to wild-type tbpA levels. Similarly, tbpB transcript levels appeared decreased in the ⍀ Ϫ82 insertion mutant compared to the positive control ( Fig. 6B) . However, the modest decrease in tbpA transcript levels in the ⍀ Ϫ82 insertion mutant did not reach the level of statistical significance in this assay. Overall, these results indicated that the ⍀ cassette inserted 447 bp upstream of the tbpB transcriptional start site had a dramatic, negative effect on tbpB and tbpA identity with repeat 2 (R2). R1 shares 84.2% identity with repeat 3 (R3). Repeat 2 shares 84.5% identity with repeat 3. Multiple-sequence alignment of R1, R2, and R3 demonstrates that the greatest level of sequence identity is centrally located. Asterisks mark positions of identity between the aligned sequences. transcript levels. In contrast, the ⍀ insertion located closer to the start of tbpB (Ϫ82) had less of an impact on tbp transcript levels.
We confirmed that these results were not an artifact due to the orientation of the polar ⍀ cassette and its internal termination signals by evaluating the cassette in the opposite direction, which resulted in the same outcomes (data not shown). Additionally, we confirmed our findings by means of qRT-PCR. RNA extracted from iron-stressed cultures was utilized to detect changes in tbp gene expression. Our results confirmed that the ⍀ cassette insertion mutants did indeed demonstrate decreased tbp gene expression compared to the wild-type strain ( Table 2 ). Similar to the results of the lacZ fusion analysis, transcript levels of tbpB and tbpA in MCV113 were more profoundly affected than in MCV114. Indeed, tbpB transcript levels were 6.3-fold lower in the MCV113 mutant than in the wild-type strain. tbpB transcript levels were only 2-fold lower in the MCV114 strain than in the wildtype strain. tbpA transcript levels were 6-fold lower in MCV113 and 2-fold lower in MCV114 than in the wild type.
Upstream ⍀ insertions result in increased TbpB and TbpA protein levels. We analyzed TbpB and TbpA protein levels in the upstream ⍀ insertion mutants (MCV113 and MCV114) by Western blotting. As shown in Fig. 7 , TbpB and TbpA protein levels were increased in the ⍀ Ϫ447 mutant (MCV113) relative to the parent, FA19. Protein levels in MCV114 appeared to be between wild-type and MCV113 levels. When Western blots were scanned and imaged, we determined that TbpB protein levels increased 240% in MCV113 and 220% in MCV114. Similarly, TbpA levels increased 290% in MCV113 and 150% in MCV114. All of the increases in protein levels in the mutants reached statistical significance (P Ͻ 0.01) relative to the wild type, except for the TbpA levels in MCV114 (P Ͼ 0.05). This result is similar to that with the lacZ transcriptional fusion activity (Fig. 6) , in which the change in tbpA levels did not reach the level of statistical significance when comparing the wild-type strain to MCV114. Cumulatively, the results from the insertional mutagenesis studies indicated that an ⍀ insertion 447 bp upstream of the tbpB start site resulted in decreased transcript levels for both tbp genes but increased levels of both proteins. The impact of the insertion closer to the tbpB start site (Ϫ82) was similar in effect but of diminished magnitude.
A long RNA is synthesized from within the region impacted by the ⍀ insertions upstream of tbpB. The region upstream of tbpB potentially carried three short, hypothetical open reading frames, all oriented in the same direction as tbpB transcription (Fig. 2 and 4) . However, visual analysis of RNA-Seq data obtained from FA19 misR::kan demonstrated that the nucleotides comprising NGO1497 (Fig. 2) were not transcribed under our in vitro cloned and sequenced from wild-type strains FA19, MS11, and F62. The resulting sequences were aligned with the homologous region from strain FA1090. Dashes represent spaces introduced into the alignment. The tbpB transcriptional start site is highlighted in yellow. The conserved promoter elements are highlighted in blue. The Fur box is shown in red text. Part of R2, highlighted by the single horizontal line, is included in the aligned sequence. All of R3, which is highlighted by the double horizontal line, is included in the aligned sequence. The blue text (TTG) designates the predicted start codons for two hypothetical ORFs upstream of tbpB. The green highlighting shows the nucleotides in FA19 that are immediately 3= of the ⍀ insertions created in this study. The gray shading shows the predicted G4 sequences (see the text). conditions (iron-replete GC medium). In contrast, we did observe transcription of a 1.8-kb RNA (mapping to FA1090 nucleotides 1465413 to 1467214; see File S1 in the supplemental material) that encompasses NGO1498 and the undesignated ORF region (Fig. 8) . Coverage was quite high near the tbpB gene but waned as the distance increased. This suggested that the observed long RNA was transcribed in the orientation opposite that required for translation of the hypothetical proteins and the tbpBA operon, as areas of high coverage in promoter regions are usually followed by declining coverage moving toward the 3= end of the RNA. This RNA species is not anticipated to encode any proteins, as no conserved protein domains were detectable in either orientation upon analysis with the Conserved Domain Database search engine (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Although a few short, hypothetical proteins are predicted to be encoded by sequence in the FA1090 genome database between tbpB and NGO1499, the vast majority of the 1.8-kb transcript is not anticipated to be translated.
The 5= end of the upstream 1.8-kb RNA species is located between the positions into which the ⍀ cassettes were inserted. We next used qualitative RT-PCR to discern whether the upstream ⍀ insertions impacted expression of the 1.8-kb RNA species. We predicted that ⍀ Ϫ82 (in strain MCV114) would not interrupt expression of the regulatory RNA species, whereas ⍀ Ϫ447 (in strain MCV113) would, based upon the predicted 5= end of the RNA. When RT-PCR was conducted on RNA isolated from strains FA19, MCV113, and MCV114 using primers oVCU199C and oVCU735C ( Fig. 4 ; also see Table S1 in the supplemental material), we detected an amplification product only in FA19 and MCV114 (Fig. 9 ). The predicted-sized product (238 bp; arrow in Fig. 9 ) was not detected when RNA from strain MCV113 was subjected to RT-PCR. The RT-PCR product detected in FA19 and MCV114 was not sensitive to iron concentrations, unlike the control tbpA gene ( Fig. 9 ). Other controls shown in Fig. 9 include no reverse transcriptase (negative control) and 16S rRNA (positive control). The results shown in Fig. 9 confirm that an RNA species is located upstream and in the orientation opposite that of tbpB in gonococcal strain FA19. Furthermore, this analysis maps the 5= endpoint of the RNA to between Ϫ82 and Ϫ447 upstream of the tbpB start site.
DISCUSSION
Studies on the gonococcal transferrin receptor have focused mainly on deciphering the structure-function relationships of its components (19, 20) , and little is known about the precise mechanisms that coordinately control expression of these proteins. A a Numbers in boldface are the means from three experimental replicates from each of three biological replicates conducted on different days (total of nine samples). Numbers in parentheses indicate the range of values obtained by analysis with the 2 Ϫ⌬⌬CT method (34, 35) . All fold differences comparing the wild-type strain to the mutants for both tbpB and tbpA were statistically significant (P Ͻ 0.05). putative promoter for the operon had previously been proposed (17) but never experimentally defined. The purpose of this study was to characterize the extent of the functional promoter for the operon. Using primer extension analysis, we mapped the start site of tbp transcription at a position 31 bp upstream of the TbpB start codon. The C residue, representing the transcriptional start site for the tbpBA operon, was preceded by a C residue at position Ϫ1 and followed by a T residue at position ϩ2. These nucleotides are most commonly found at positions Ϫ1 and ϩ2 in E. coli promoters (39, 44) . Tbp protein expression was abolished or severely decreased when promoter elements were mutagenized, confirming that the sequences of these regions are necessary for transcription of the operon. Although mutagenesis of the Ϫ35 promoter element did not completely abrogate expression of the Tbps, it did lead to a severe decrease in the detectable levels of the proteins. In transcription, the Ϫ35 motif serves as a point of initial contact between the RNA polymerase and the DNA, but it is the Ϫ10 region where the DNA starts to unwind to initiate transcription. It is possible that the mutagenesis of the Ϫ35 element was enough to disturb gene expression but not eliminate it entirely, since the Ϫ10 region was still intact. Additionally, the Fur binding site motif was similarly identified by homology and mutagenized. The resulting mutant demonstrated Tbp expression regardless of the iron availability during growth. This is the first report to experimentally define the promoter for the gonococcal tbpBA operon. Thus, our results confirm and extend our findings that the genes are cotranscribed from a common upstream promoter and that the operon is under the control of the Fur protein (24) . Analysis of the region upstream of the tbpBA operon revealed approximately 1.9 kb of sequence with several repeat regions and three short, hypothetical open reading frames. In the 600 bp directly upstream of the tbpB transcriptional start site, we identified two direct repeats. A third repeat is located immediately upstream of this region in the complete FA1090 genome database (www .genome.ou.edu/gono.html). The other gonococcal genomes that have been sequenced by the Broad Institute have not been closed or completely annotated, and each is lacking sequence data in the region immediately upstream of the tbp genes. Thus, the sequences presented here for strains FA19, MS11, and F62 are new and not currently in any other database. The repeats within this were grown under iron-replete (ϩ) and iron-depleted (Ϫ) conditions. RNA was isolated from each culture and subjected to reverse transcription. oVCU735C was used to reverse transcribe the upstream RNA, and random hexamers were used to reverse transcribe tbpA and 16S rRNA. A negative control in which no reverse transcriptase was added, along with random hexamers, was also conducted (no RT). For PCRs, the following oligonucleotides were utilized: oVCU735C and oVCU199C to amplify the upstream RNA, oVCU186 and oVCU187 to amplify tbpA, and oVCU110 and oVCU111 to amplify 16S rRNA and no-RT reactions. Chromosomal DNA from FA19 (C) also was amplified with the same primer sets to demonstrate the wild-type size of each amplicon. Molecular mass markers are shown on the left and right of each ethidium bromide-stained gel. Markers (M) range from 100 bp to 1,000 bp and increase in increments of 100 bp. The arrow indicates the position of the amplicon that was amplified with primers oVCU735C and oVCU199C, corresponding to the upstream RNA. upstream region resulted in our cloning difficulties and also likely contributed to the failure of genome sequencing in this area of the chromosome.
The repeat-rich region immediately upstream of tbpB is unique to this locus and is not found in the analogous position in N. meningitidis or the commensal Neisseria genomes. This suggests that the regulatory region described here is specific to the gonococcal tbp locus and important for appropriate, coordinated expression of the gonococcal Tbp proteins. We have previously reported that the ratio of tbp transcripts is 2 tbpB transcripts to 1 tbpA transcript in wild-type FA19, even though the genes are cotranscribed as a bicistronic operon. The mechanism by which this ratio is achieved is not completely clear, but we proposed that the intergenic region between tbpB and tbpA, which includes a putative secondary structure, contributes to increased tbpB transcripts relative to tbpA transcripts. In the current study, we also found that insertionally interrupting expression of an upstream RNA resulted in a ratio of nearly 1 tbpB transcript to 1 tbpA transcript ( Fig. 6A ), suggesting that preventing expression of this long RNA alters the relative amounts of tbpB and tbpA transcripts that are detectable.
Regulatory RNAs have been detected widely in bacteria, utilizing RNA-Seq and other transcriptomics approaches (for reviews, see references [45] [46] [47] . While the best-characterized examples of regulatory RNAs in bacteria are relatively short (between 50 and 300 nucleotides [48] ), it has become clear that bacteria also produce relatively long RNAs with the capability to alter gene expression by affecting both transcript and protein levels. cis-encoded regulatory RNAs generally overlap the genes they regulate and share a great deal of sequence complementarity (45, 48) . On the other hand, trans-encoded regulatory RNAs are transcribed from loci far removed from those genes they regulate and share less sequence complementarity (46) . The RNA species transcribed upstream of tbpB, in the opposite orientation, appears to be distinct from either of the two well-characterized paradigms of how regulatory RNAs impact gene expression. The RNA transcribed upstream of tbpB is predicted to be large, at 1.8 kb, and is produced from a locus adjacent to the genes it regulates. However, this cisencoded RNA species does not share extended regions of complementarity with tbpB or tbpA and does not overlap the 5= end of the tbpB transcript, which is typical of classical cis-encoded regulatory RNAs. Thus, the RNA upstream of the tbpBA operon, first described in this study, has features that distinguish it from regulatory RNAs previously characterized in other bacteria.
G4 sequences, or G-quadruplexes, are guanine-rich sequences that have been identified in many genomes and have wide-ranging impacts on DNA recombination and gene expression, among others (for a review, see references 49 and 50). Cahoon and Seifert (51) have recently shown that pilin antigenic variation in N. gonorrhoeae is affected by a proximal G4 sequence, which directs the expression of a noncoding RNA upstream of pilE. Several predicted G4 sequences are located upstream of the tbpB gene ( Fig. 4 ) and could have effects on transcription of the long RNA detected in the current study. In addition to the guanine-rich repeats, we identified complementary cytosine-rich sequences (Fig. 4 ) that could base pair with the G4 sequences, potentially altering the folding of the planar G-quadruplexes and their effects on the surrounding genes. While we did not directly demonstrate folding of these G4 sequences or their impacts on expression of the Tbps, their presence in this complicated, repeat-rich regulatory region is intriguing and worthy of further study.
We found that the repeats upstream of tbpB were well conserved in several N. gonorrhoeae strains. In strain F62, the region between two putative G4 sequences was deleted, consistent with these repeats contributing to recombination and impacting the number and length of repeats upstream of tbpB. Deletion of this region in F62 would be expected to impact the expression and potentially the length of the upstream regulatory RNA. The impact of this alteration in strain F62 is unclear but would be expected to result in changes in expression of the transferrin-binding proteins. While sequence upstream of tbpB in FA19, FA1090, and MS11 all have the potential to encode the short, atypical ORFs ( Fig. 5 ; TTG start codons are highlighted in blue), it is anticipated that these short peptides, which would start with leucine rather than methionine, are not actually produced, since the long RNA detected by RNA-Seq appeared to be in the orientation opposite that in which tbpB is expressed. The orientation of the only RNA detectable upstream of tbpB is opposite that of the upstream ORFs, and the 5= endpoint of the RNA does not encompass NGO1497, precluding its production under the in vitro conditions used in this study.
Insertions in and around repeats 2 and 3 upstream of tbpB decreased both tbpB and tbpA transcript levels but, conversely, increased Tbp protein levels relative to the wild-type strain. However, the insertion at Ϫ447 clearly had the greatest impact, both on transcript and protein levels. The ⍀ insertion at position Ϫ447 also clearly interrupts the expression of the upstream RNA, whereas the ⍀ insertion at Ϫ82 was not anticipated to insertionally inactivate the upstream RNA. The RT-PCR results from this study map the 5= end of the upstream RNA species to between Ϫ447 and Ϫ82 nucleotides upstream of the tbpB transcriptional start site, consistent with the RNA-Seq data. The ⍀ insertion at Ϫ447 results in decreased tbpBA transcript levels, as assessed by qRT-PCR and lacZ fusion analysis. This result suggests that expression of the RNA upstream of tbpB results in enhanced expression or stability of the tbpBA cotranscript. Furthermore, the ⍀ insertion at Ϫ447 resulted in increased production of the Tbp proteins. Thus, expression of the upstream RNA appears to negatively influence translation of the Tbps. These results are both potentially achievable if the regulatory RNA located upstream of tbpB enhances transcription or mRNA stability but negatively affects the translatability of this message into protein. Using both Target RNA (http://snowwhite.wellesley.edu/targetRNA /index_2.html) and RNA Predator (http://rna.tbi.univie.ac.at /RNApredator2/target_search.cgi), modest regions of alignment between the sequence of the upstream RNA (see File S1 in the supplemental material) and tbpB and tbpA genes can be detected (data not shown). Our working hypothesis is that hybridization between the long RNA and the tbp locus influences both transcript and protein levels. Clearly, further studies are necessary to extend and validate this proposed model.
Overall, the results of this study provide insight into the coordinated regulation of the tbpBA operon. We identified the promoter elements required for iron-regulated expression of both TbpA and TbpB. Our data suggest that both the quantity and stoichiometry of the tbp gene products are affected by interruption of an extended, repeat-filled regulatory region, which is located immediately upstream of tbpB. While this region generally is well conserved within the gonococcal genome sequences ana-lyzed, some heterogeneity was identified, particularly in proximity to predicted G4 sequences. This repeat-filled region is unique to this location in gonococcal genomes. We detected the expression of a regulatory RNA upstream of tbpB in the orientation opposite that of tbpB. This RNA species possesses several unique features, including its relatively long length and the fact that it is cis encoded but does not share significant complementarity with the genes it apparently regulates, the tbpBA locus. Wild-type gonococcal strain FA19 expresses this RNA regardless of iron status. Wildtype expression of this regulatory RNA species appears to enhance transcription or transcript levels of tbpB and tbpA; however, in contrast, wild-type expression of the regulatory RNA also results in decreased translatability of the tbpBA mRNA. Although the precise mechanisms by which these phenomena are achieved as a consequence of expression of this regulatory RNA are currently unclear, our results indicate that wild-type expression of this novel RNA species is important for coordinated, optimized expression of the gonococcal transferrin binding proteins. Further study of this system and the conditions that influence their expression is warranted, as the transferrin binding proteins are potential vaccine candidates for the prevention of gonococcal infections.
